Hypolimnetic electron budgets were developed for sulfate-rich, eutrophic Onondaga Lake, New York, for the summer stratification periods of 16 years (1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004) to describe seasonal, long-term, and interannual changes in hypolimnetic metabolism. A mass balance approach was applied to the hypolimnion to estimate the consumption of electron acceptors (e.g., O 2 , NO { 3 ) and production of reduced by-products (e.g., H 2 S, CH 4 ) associated with the decomposition of organic matter. The stoichiometry of the associated redox reactions supported calculation of electron transfer in the hypolimnion and partitioning of the contributions of various metabolic pathways. In 12 of the 16 study years SO 2{ 4 reduction was the most important decomposition pathway, accounting for an average of 44% of the electron transfer in the hypolimnion. Aerobic decomposition (28%), methanogenesis (19%), and denitrification (9%) were also quantitatively important mineralization processes. The relative importance of the various decomposition pathways to overall hypolimnetic metabolism varied widely in response to an abrupt decrease in organic carbon deposition in 1987, incomplete spring turnover in 1993, and improved nitrification treatment at a contributing wastewater treatment facility in 2004. Changes in the importance of the different decomposition pathways were generally consistent with the thermodynamic constraints that regulate the spatial and temporal patterns of redox processes in aquatic sediments. On average, the discrepancy between observed dissolved inorganic carbon accumulation and that calculated from the four redox pathways was 14%; potential causes for this discrepancy include storage of reduced forms of particulate organic carbon and metabolic byproducts in the sediment.
Biogeochemical cycling in lakes is influenced strongly by oxidation-reduction (redox) reactions associated with microbial decomposition of organic matter (DiToro 2001; Wetzel 2001) . Redox reactions are particularly important with respect to the cycling of carbon, oxygen, iron, manganese, sulfur, and the critical plant nutrients, phosphorus and nitrogen, in lakes. Redox reactions are often localized in the sediments (DiToro 2001) , particularly in shallow productive lakes with limited potential for decomposition of organic matter in the water column (Cornett and Rigler 1987) . Organic carbon, generated in the trophogenic zone, is deposited in the tropholytic zone and oxidized to CO 2 through both aerobic and anaerobic pathways. In addition to CO 2 , anaerobic redox reactions produce reduced by-products (e.g., N 2 , Mn 2+ , Fe 2+ , H 2 S, CH 4 ) that vary depending upon the electron acceptor used for oxidation (e.g., NO { 3 , Mn 4+ , Fe 3+ , SO 2{ 4 , CO 2 ). The hypolimnion of a thermally stratified lake represents a largely isolated volume of water where changes in the pools of reactants and products of redox reactions can be readily measured (Kelly et al. 1988; Mattson and Likens 1993) .
Researchers have long recognized that seasonal changes in hypolimnetic redox constituents are related to overall lake metabolism (Hutchinson 1957; Wetzel 2001) . The areal hypolimnetic oxygen deficit (AHOD) is as a metric of benthic decomposition and an indicator of trophic state (Burns 1995; Matthews and Effler 2006) . However, AHOD is limited as a metric of lake metabolism in systems that experience hypolimnetic anoxia and substantial decomposition of organic matter through anaerobic pathways (Wetzel 2001) . Recognition of CO 2 as a common product of both aerobic and anaerobic decomposition processes led to the adoption of dissolved inorganic carbon (DIC 5 SCO 2 ) accumulation as an alternate and potentially more robust metric of hypolimnetic metabolism (Ohle 1956 ). More recently, researchers have quantified the relative contributions of decomposition pathways through calcula-tion of accumulation and depletion rates for multiple redox constituents (Schafran and Driscoll 1987; Kelly et al. 1988; Mattson and Likens 1993) .
The relative magnitudes of alternate decomposition pathways can have important water quality implications. For example, oxidation of reduced by-products of anaerobic metabolism (e.g., Mn 2+ , Fe 2+ , H 2 S, CH 4 ) diffusing upward through the sediments constitutes a sediment oxygen demand (SOD) that can substantially alter the distribution of oxygen in lakes (Gelda et al. 1995) . In contrast, no oxygen demand is exerted by nitrogen gas (N 2 ), the primary by-product of denitrification (Seitzinger 1988) . Sulfate reduction is associated with a variety of processes with important water quality implications, including sediment phosphorus release (Caraco et al. 1989) , generation of alkalinity (Rudd et al. 1986; Giblin et al. 1990) , and methylation of inorganic mercury (Benoit et al. 2003) . The gaseous by-products of methanogenesis (CH 4 ) and denitrification (N 2 ) may evade to the atmosphere, thus limiting the water quality effects of these decomposition reactions. However, evasion of CO 2 , CH 4 , and N 2 O from lakes is of concern as these are potent greenhouse gases (Liikanen et al. 2002) .
Published hypolimnetic electron budgets have revealed wide variations in the importance of the various decomposition pathways, both among lakes and among years for individual lakes (Schafran and Driscoll 1987; Kelly et al. 1988; Mattson and Likens 1993) . Aerobic respiration and methanogenesis were found to be important decomposition pathways in all of the lakes where detailed investigations of decomposition processes were conducted. Dentrification and sulfate reduction were important decomposition pathways only in lakes with high concentrations of nitrate and sulfate in the water column. Inputs of NO { 3 to lakes are generally low. Elevated inputs occur typically in response to human disturbances (e.g., land disturbance, air pollution, and human and agricultural wastes). Iron and manganese reduction made only minor contributions to the decomposition of organic carbon in the lakes studied. Large discrepancies between measured DIC accumulation and that calculated from the stoichiometry of the various redox reactions have been common (Mattson and Likens 1993) .
Detailed long-term data sets that can support the calculation of reasonably complete hypolimnetic carbon or electron budgets are extremely rare. The 3 years of hypolimnetic electron budgets for Mirror Lake, New Hampshire (Mattson and Likens 1993) , and the 5-year investigation of decomposition processes in the hypolimnion of Lake St. George, Ontario (Bedard and Knowles 1991) may represent the only multi-year studies of this type. However, long-term studies at the ecosystem scale are necessary to assess the magnitude of natural interannual variations as well as the ecosystem response to anthropogenic perturbations (Schindler 1998) .
The rates and relative importance of decomposition processes in aquatic sediments are determined by the availability of metabolizable organic substrates and electron acceptors (Capone and Kiene 1988) . However, large changes in organic carbon deposition and the availability of electron acceptors are rarely encountered in natural ecosystems. Therefore, insights into the effects of variations in these factors have come primarily from laboratory experiments (Kelly and Chynoweth 1981) , mesocosm experiments (Jones and Simon 1980) , and cross-site studies (Kelly et al. 1988) . Schindler (1998) has demonstrated that experiments conducted at less than ecosystem scales may often fail to accurately reflect whole-lake responses. Although whole-lake experiments provide response assessments to large perturbations at the appropriate spatial and temporal scales (Kitchell and Carpenter 1993; Schindler 1998) , opportunities to conduct whole-lake experiments are rare. Retrospective analyses of long-term data sets for lakes undergoing either degradation or rehabilitation provide opportunities to expand our understanding of lake response to perturbation (Lehman 1988) .
In this study, we present hypolimnetic electron budgets for sulfate-rich, eutrophic Onondaga Lake, New York, for the summer stratification periods of 16 years (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) . This 16-year period is of particular interest because it includes a major decrease in organic carbon deposition and substantial changes in the availability of electron acceptors. Annual electron budgets are used to investigate seasonal, interannual, and long-term variations in hypolimnetic metabolism. A mass balance approach is applied to the hypolimnion to estimate consumption of electron acceptors (e.g., O 2 , NO { 3 ) and production of metabolic end-products (e.g., DIC, H 2 S, CH 4 ). The stoichiometry of the individual redox reactions is used to determine the relative contributions of the various decomposition pathways to the overall electron flow in the hypolimnion.
Methods
Site description-Onondaga Lake is an alkaline, hard water, dimictic ecosystem located (latitude 43u069540; longitude 76u149340) north of Syracuse, New York. The lake has a surface area of 12.0 km 2 , a volume of 1.31 3 10 8 m 3 , a mean depth of 10.9 m, and a maximum depth of 19.5 m. Onondaga Lake is naturally enriched with sulfate due to the abundance of gypsum (CaSO 4 ) in the watershed. Sulfate concentrations remain above 1.0 mmol L 21 in the hypolimnion throughout the summer stratification period (Effler 1996) . The lake flushes approximately four times per year on a completely mixed basis (Effler 1996) and thus responds rapidly to changes in external loading.
Paleolimnological evidence has established that Onondaga Lake was oligo-mesotrophic before European settlement in the late 1700s (Rowell 1996) . The water quality of the lake was severely degraded throughout the 1900s from inputs of domestic and industrial wastes (Effler 1996) . The Onondaga County Metropolitan Sewage Treatment Plant (Metro) contributes 20% of the inflow and 85% of the effective (i.e., can support phytoplankton growth) phosphorus load (Effler et al. 2002) on an annual average basis. The phosphorus load from Metro causes the lake to be hypereutrophic, which is manifested in high epilimnetic concentrations of total phosphorus (TP e ; Fig. 1A ) and chlorophyll (Chl e ; Fig. 1B ) and high values of the AHOD (Fig. 1C) . The hypolimnion becomes anoxic by late June or early July (Matthews and Effler 2006) , and reduced byproducts of anaerobic metabolism (i.e., CH 4 , H 2 S, NH z 4 ) subsequently accumulate to high concentrations (Gelda et al. 1995) . These by-products are oxidized during the fall mixing period, causing severe depletion of dissolved oxygen (e.g., DO , 5 mg L 21 ) throughout the water column (Gelda and Auer 1996) . Ferric iron (Fe 3+ ) and manganese (Mn 4+ ) are not important electron acceptors in this ecosystem, and reduced forms of these elements do not accumulate to high concentrations in the hypolimnion (Effler 1996) .
The primary industrial polluter of Onondaga Lake was a soda ash (Na 2 CO 3 ) manufacturer that operated on the western shore of the lake from 1884 until 1986. The lake was used as a source of cooling water and for disposal of ionic waste. The facility discharged .1.0 3 10 9 kg of ionic waste to the lake annually during the 1940-1986 interval, causing the lake to be unusually saline (Effler and Matthews 2003) . Annual average salinity (S) decreased precipitously after closure of the facility, from 3.1% in 1985 to 1.2% in 1989 (Fig. 1D ). This 61% decrease in S was accompanied by a 65% decrease in [Ca 2+ ] (Effler et al. 2001) . The higher Ca 2+ concentrations before closure promoted coagulation and settling of particles (Weilenmann et al. 1989 ) and thus increased deposition losses of phytoplankton from the trophogenic layers (Effler et al. 2001 ).
The downward flux of particulate organic carbon (POC df , g m 22 d 21 ) decreased abruptly by 37% after closure of the soda ash facility (Fig. 1E) . The leading explanation for the decrease in POC df is reduced coagulation and deposition rate of phytoplankton (Jackson and Lochmann 1992) associated with the decreased Ca 2+ concentration (Effler et al. 2001) . However, the return of the large-bodied native salinity-intolerant Daphnia after closure of the industry (Hairston et al. 2005) was also identified as a factor that may have contributed to the decrease in POC df (Effler et al. 2001) . The gradual decrease in AHOD following closure of the soda ash facility (Fig. 1C) has been attributed to decreasing SOD as the sediments approached a new steady-state consistent with lower levels of organic carbon deposition ( Fig. 1E ; Matthews and Effler 2006) .
Monitoring and laboratory analysis-Onondaga Lake was monitored at its deepest location (19.5 m) during the April to September intervals of 1989 to 2004. Detailed measurements have established that this site is generally representative of conditions in the pelagic area of the lake (Effler 1996) . Field measurements of O 2 , pH, and temperature (T) were made weekly at 1-m depth intervals with calibrated probes. Water samples for NO { 3 , DIC, and alkalinity analyses were collected weekly at 2-m depth intervals from the surface to 18 m. Samples for analysis of dissolved CH 4 , total dissolved sulfide (H 2 S T ), and Fe 2+ were collected weekly from 1989 to 1995 and generally once every 2 to 3 weeks thereafter. Sampling for dissolved CH 4 , H 2 S T , and Fe 2+ was conducted at 1-m depth intervals and extended from at least 1 m above the oxic-anoxic boundary to within 1 m of the sediment-water interface. All water samples were collected with a submersible pump, and care was taken to minimize the introduction of air into anoxic samples. Measurements of H 2 S T represent primarily HS 2 and H 2 S at the slightly alkaline pH values of the hypolimnion (7.0-7.5).
DIC concentrations were calculated from pH and alkalinity (Morel and Hering 1993) for the 1989 to 1998 study years and measured directly by infrared spectrophotometry for 1999 to 2004 (Table 1) . Paired determinations of DIC from the two methods compared well ( Fig. 2 ; R 2 5 0.92, slope 5 1.006 6 0.010, n 5 905). This result established internal consistency of the long-term DIC data set and confirmed the dominant role of the carbonate system in regulating alkalinity in the water column of Onondaga Lake. Quay et al. (1986) reported close agreement (61%) between manometric DIC measurements from Lake Washington and DIC calculated for pH and alkalinity.
Ebullitive gas was collected with a single inverted LEXAN cone (0.75-m diameter) fitted with an inverted 500-mL polypropylene separatory funnel and suspended approximately 1 m above the sediment-water interface. The upward flux of ebullitive gas was measured in the graduated funnel through the displacement of water by the evolving gas. Rates of CH 4 ebullition were estimated from measurements of total ebullitive flux made approximately weekly during the 1989 to 2004 interval and gas composition data from 1989 and 1999. A more detailed description of the CH 4 methodology is presented by Matthews et al. (2005) . Analytical methods are specified in Table 1 .
Data analysis-Rates of organic matter oxidation were inferred from accumulations of decomposition end-products (DIC, H 2 S T , CH 4 ) and depletions of electron acceptors (O 2 and NO { 3 ) within the hypolimnion. This type of mass balance approach was used previously to quantify hypolimnetic redox processes (e.g., Schafran and Driscoll 1987; Kelly et al. 1988; Mattson and Likens 1993) . The average upper bound of the hypolimnion was 10.5 m, based on inspection of T and O 2 profiles (Matthews et al. 2005; Matthews and Effler 2006) . Seasonal and interannual variations in meteorological forcing conditions can affect the dimensions of the hypolimnion. Modest variations in the thickness of the hypolimnion (mean 9.8 m, C.V. 0.14) were reported for the 1978-2002 interval by Matthews and Effler (2006) . The total masses of the measured redox constituents in the hypolimnion were calculated from vertical profiles and the volumes of corresponding 1-m layers using hypsographic data presented by Effler (1996) . Rates of areal hypolimnetic accumulation and depletion (mmol m 22 d 21 ) were calculated from the slopes (mmol d 21 ) of hypolimnetic mass versus time divided by the area of the upper bound of the hypolimnion (6.75 3 10 6 m 2 ). These rates apply to the time intervals during which the individual redox processes were operating. Rates of CH 4 flux were calculated as the sum of the ebullitive and dissolved components.
Contributions of the various metabolic pathways to electron flow in the hypolimnion were calculated from the observed accumulation and depletion rates and widely accepted stoichiometries of redox reactions (Table 2; Richards 1965; Stumm and Morgan 1996) . The masses of redox constituents accumulated or depleted during the summer stratification interval were converted to electron equivalents (Table 2 ) and normalized for the area of the upper bound of the hypolimnion (e 2 eq m 22 ) to assess the relative importance of the individual decomposition processes. The summer stratification interval started when the DIC mass in the hypolimnion began to increase progressively (early to mid-May) and ended when the maximum DIC mass was observed (mid-to late September). The length of the summer stratification interval varied from 113 to 155 days with a mean 6 standard error of 134 6 3. The effect of year-to-year variations in the duration of summer stratification on the relative contributions of decomposition pathways to total hypolimnetic metabolism was assessed by normalizing to a calculation interval of 134 days.
Accumulation and depletion rates were adjusted for losses and gains due to vertical mixing between the epilimnion and hypolimnion. These adjustments are described here using DIC as an example, although the same methodology was applied to the other redox constituents. Fluxes between the hypolimnion and the upper layers (e.g., DIC flux , mmol m 22 d 21 ) were estimated for each sampling interval as the product of the vertical heat exchange coefficient (v t , m d 21 ) and the concentration difference between the hypolimnion and epilimnion (e.g., DIC h 2 DIC e , mmol L 21 ):
Values of v t were estimated according to (Chapra 1997 )
where V h (m 3 ) is the volume of the hypolimnion, A t (m 2 ) is the area of the upper bound of the hypolimnion, t s is the calculation interval (days), T e is the average volumeweighted temperature of the epilimnion over the calculation interval, and T h,i and T h,s are the volume-weighted temperatures of the hypolimnion at the beginning and end of the calculation interval, respectively. Values of DIC flux for individual sampling intervals were summed and added to the observed accumulation rates to obtain DIC accumulation rates adjusted for losses due to vertical mixing. This two-layer approach to accommodate vertical mixing (e.g., Chapra 1997) is conceptually consistent with the constant dimensions of the hypolimnion invoked in calculations of DIC accumulation (Wetzel and Likens 2000) . These protocols track those adopted by the authors to adjust for vertical mixing inputs of O 2 to the hypolimnion in AHOD calculations (Matthews and Effler 2006) and vertical mixing losses of CH 4 from the hypolimnion (Matthews et al. 2005) .
Results
Vertical and temporal distributions of redox constituentsVertical and temporal distributions of redox constituents were influenced strongly by the dimictic stratification regime of the lake (Fig. 3) . Thermal stratification was established by mid-May and a well defined hypolimnion (,10.5 m to 19 m) prevailed throughout the mid-May to mid-September interval ( Fig. 3A-C) . Hypolimnetic temperatures increased gradually during the summer stratification interval. The lake failed to turnover in spring 1993, causing a steeper thermal gradient in May and lower hypolimnetic temperatures than in the other study years ( Fig. 3A-C) . Hypolimnetic concentrations of decomposition end-products (i.e., DIC, Fe 2+ , H 2 S T , CH 4 ) increased progressively during summer stratification, whereas concentrations of electron acceptors (O 2 , NO Despite these general similarities, there were important interannual differences in the distributions of these redox constituents over both time and space. For example, because the lake failed to turnover in the spring of 1993 the hypolimnion was not completely replenished with electron acceptors or flushed of DIC. Hypolimnetic concentrations of O 2 and NO Fig. 3D ,P,S). Similar vertical structure was observed in individual profiles from September of 1990 September of , 1994 September of , 1995 September of , and 1996 . This phenomenon, which has been attributed to plunging tributary inflows (Effler 1996) , was more common during October. 
The unusually low concentrations of electron acceptors observed in 1993 were contrasted by high levels of NO Linearity and temporal patterns of accumulation and depletion-Accumulation and depletion rates for redox constituents within the hypolimnion were well represented by simple linear relationships (Fig. 4) . Coefficient of determination values (R 2 ) were .0.8 and .0.9 for 96% and 83% of the estimated linear rates, respectively. However, minor systematic deviations from linearity were observed in a small percentage of cases. For example, hypolimnetic NO Thus, the rates presented here represent average linear rates of accumulation and depletion for the calculation intervals that may not be representative of rates during shorter time intervals.
The timing of redox processes, as indicated by accumulation and depletion of redox constituents, followed a similar pattern during the 1989 to 2003 period. Observations from the 1995 stratification interval were representative of this recurring seasonal pattern ( Fig. 4A-E) . Hypolimnetic accumulation of DIC and depletion of O 2 began approximately concurrently in early May 1995 (Fig. 4A,B) . Depletion of NO { 3 commenced 2 weeks later in mid-May (Fig. 4C) . DIC continued to accumulate linearly through September and decreased precipitously during October as the enriched hypolimnion was mixed into the upper layer (Fig. 4A) . Approximately linear decreases in the masses of O 2 and NO { 3 resulted in the nearly complete loss of these electron acceptors from the hypolimnion by late June (Fig. 4B,C) . Accumulations of H 2 S T and dissolved CH 4 began in mid-June, when the hypolimnion was nearly depleted of O 2 and NO { 3 , and continued through September (Fig. 4D,E) . Neither H 2 S T nor CH 4 were observed at depths where O 2 was present, although these reduced substances began to accumulate in lower hypolimnetic layers while the upper layers of the hypolimnion were oxic. Ebullitive fluxes of CH 4 were observed throughout May-September in all of the study years regardless of O 2 concentrations above the sedimentwater interface (Matthews et al. 2005) .
A markedly different temporal pattern was observed in 2004, related to a two-fold increase in the hypolimnetic concentration of NO { 3 at the beginning of the stratification period (Fig. 4H) . Accumulation of DIC and depletion of O 2 and NO (Fig. 4F-H) . Nitrate remained present in the hypolimnion through September 2004 (Fig. 4H ) because of higher initial concentrations and a somewhat lower depletion rate (6.0 mmol m 22 d 21 ) than observed for 1995 (7.7 mmol m 22 d 21 ). Increases in dissolved CH 4 began in late June, following the loss of O 2 from the hypolimnion (Fig. 4J) . However, systematic increases in H 2 S T were not observed until September (Fig. 4I ) when NO { 3 was reduced to low levels in the hypolimnion (Fig. 4H ). The maximum mass of H 2 S T within the hypolimnion in 2004 (2.40 3 10 6 mol) was 82% lower than in 1995 (1.35 3 10 7 mol). Effects of vertical mixing and temperature-Transport of redox constituents by vertical mixing processes was an important determinant of hypolimnetic accumulation and depletion rates, particularly for substances produced or consumed early in the stratification period. Inputs associated with vertical mixing contributed 21 6 6 (mean 6 standard deviation) and 8% 6 4% to the computed rates of hypolimnetic depletion for O 2 and NO { 3 , respectively. Losses due to vertical mixing were estimated to contribute 24% 6 7%, 11% 6 6%, and 12% 6 6% to the computed rates of hypolimnetic accumulation for DIC, H 2 S T , and CH 4 , respectively. The relatively large adjustments for DIC accumulation and O 2 depletion reflect large concentration differences between the epilimnion and hypolimnion and higher values of the vertical heat exchange coefficient (v t ) during May and June, a period of relatively weak thermal stratification. The effects of vertical mixing were accommodated in the rate estimates and electron budgets presented subsequently.
The effect of temperature on hypolimnetic metabolism was assessed using the volume-weighted average hypolimnetic temperature and the rate of DIC production for each of the 16 study intervals. With the exception of 1993, when the failure of spring turnover resulted in an unusually low average hypolimnion temperature (5.3uC), only modest interannual variability was observed (range of 8.0uC to 11.2uC). Production rates of DIC exhibited a wider range of values (36.9-71.1 mmol m 22 d 21 ), but no significant relationship with temperature was found. For example, simple linear regression conducted on paired study interval average values of DIC production rate and volumeweighted temperature showed no significant relationship (R 2 5 0.01, p 5 0.69). Thus, no adjustments for year-toyear variations in hypolimnetic temperature were made to the presented rates of accumulation and depletion.
Rates and relative importance of redox processes-The rates and relative importance of decomposition pathways varied substantially over the 16-year study interval. (Fig. 5A) . With the exception (Fig. 5A) . Denitrification rates averaged 5.5 mmol m 22 d 21 , and no systematic long-term trends were observed (Fig. 5B) . The low depletion rates for O 2 and NO { 3 in 1993 (Fig. 5A,B) were associated with the failure of spring turnover, unusually low hypolimnetic temperatures, and unusually low concentrations of O 2 and NO { 3 in the hypolimnion at the beginning of the calculation interval (Fig. 3A,G,J) .
The average rate of H 2 S T accumulation (SO   2{  4 reduction) for the study was 17.8 mmol m 22 d 21 (Fig. 5C ). Rates were markedly higher during 1994-1996 (,25 (Fig. 5D ). Modest increases in CH 4 production were observed in 2002 and 2003, followed by a decrease in 2004 (Fig. 5D) . The average rate of DIC accumulation for the 16-year study was 51.9 mmol m 22 d 21 (Fig. 5E) . No long-term systematic trend in DIC accumulation was evident, although rates were distinctly higher from 1994 to 1998 (Fig. 5E) . The average ratio of DIC production to O 2 consumption (respiratory quotient; Wetzel 2001) was 1.40 6 0.30.
Substantially different temporal patterns emerged when redox processes were expressed as the cumulative transfer of electron equivalents during the summer stratification interval (Fig. 6 ). This representation accounted for the time interval over which electron transfer occurred through each redox pathway as well as the rates of the individual processes (e.g., Fig. 5 ), and provided a basis for comparison of the relative importance of the various decomposition pathways. In this format O 2 and NO { 3 exhibited less interannual variability because total electron transfer through these pathways was determined largely by the mass of these constituents in the hypolimnion at the beginning of the stratification interval (Fig. 6A,B) . The higher hypolimnetic NO (Fig. 4H) led to a major increase in electron transfer through the denitrification pathway (Fig. 6B) (Fig. 5B ). Although the rate of H 2 S T accumulation was not unusually low in 2004 (Fig. 5C ), the estimated transfer of electrons through the SO 2{ 4 reduction pathway was the lowest of the 16-year record (Fig. 6C ) because the process started 6 to 8 weeks later than in previous years (e.g., Fig. 4D,I ).
Production of DIC was estimated as the sum of the four individual redox processes, using the stoichiometries from Table 2 , and from accumulation of measured DIC (Fig. 6E) . Estimates from measured DIC were higher than those from the summed redox reactions in 14 of the 16 study years (Fig. 6E) . The average discrepancy between the two estimates was 14% and ranged from a 13% surplus of calculated electron equivalents in 1991 to a 29% deficit in 1998 (Fig. 6E) . Discrepancies .20% were observed in 1997, 1998, and 2004. These larger discrepancies were in all cases associated with measured DIC production exceeding that calculated from the sum of the four redox pathways (Fig. 6E) .
The relative contributions of individual decomposition pathways to electron flow in the hypolimnion were determined from electron budgets calculated for each of the 16 study years (Fig. 7) . Although each of the four redox processes was quantitatively important in at least one of the study years, the principal decomposition pathways were aerobic oxidation and SO 2{ 4 reduction (Figs. 7, 8 ). Aerobic oxidation was the dominant mineralization pathway during May and June, before complete loss of O 2 from the hypolimnion (Fig. 7) . On average, aerobic oxidation accounted for 28% of hypolimnetic electron transfer, and it was the leading pathway in 1989, 2000, 2001, and 2004 (Fig. 8) . Denitrification contributed an average of 9% to total electron flow and was the least important redox process except in 2004 when it accounted for 24% of hypolimnetic electron transfer (Figs. 7, 8) . The average contribution of methanogenesis to the hypolimnetic electron budget was 19%, although its relative contribution decreased during the study from 30% during 1989-1991 to 14% during 2000-2002 (Figs. 7, 8) . The relative importance of methanogenesis increased modestly in 2003 and 2004 to 16% and 18%, respectively. Sulfate reduction accounted for 44%, on average, of electron transfer in the hypolimnion and was the dominant decomposition pathway in 12 of the 16 study years (Figs. 7, 8) . The relative contribution of SO 2{ 4 reduction was much lower in 2004, when this process accounted for 18% of hypolimnetic electron flow. Interannual variations in the duration of summer stratification had only modest effects on the relative contributions of decomposition pathways. After normalizing for the duration of stratification, the contributions to total decomposition were 41%, 29%, 20%, and 10% for SO 2{ 4 reduction, aerobic respiration, methanogenesis, and denitrification, respectively. Although substantial year-to-year differences were observed in the rates and relative contributions of individual redox pathways, seasonal accumulations of electron equivalents in the hypolimnion were generally highly linear (Fig. 7) .
The sum of DIC and CH 4 production rates provided estimates of total organic matter mineralization for each of the 16 study years (Fig. 9) . Values of DIC+CH 4 decreased progressively from a maximum value of 74.6 mmol m These data suggest a general decreasing trend in the production of DIC+CH 4 , which was approximated by a linear least squares regression ( Fig. 9 ; R 2 5 0.56, p , 0.01). According to this representation, hypolimnetic respiration has decreased by 35% during the 1989 to 2004 period.
Discussion
Conceptual model of redox processes in the sediment-A sequence of organic carbon degradation processes in sediments is generally upheld in time and space (vertically), according to the free energy yields of various electron acceptors. Thermodynamic calculations establish that energy yields decrease progressively in the order O 2 . NO . CO 2 (Stumm and Morgan 1996) . The vertical stratification of redox processes according to their energy yields is the basis for the classical model of biogeochemical cycling in aquatic sediments (Lovley and Klug 1986; Capone and Kiene 1988; DiToro 2001) . A generalized conceptual model of the major decomposition processes in Onondaga Lake sediments is presented here (Fig. 10) , which includes important drivers and metabolic pathways. The rate of carbon catabolism in the sediments is regulated by the supply of organic carbon from the upper waters, which is driven ultimately by rates of phosphorus loading and primary production. The operation of aerobic respiration, denitrification, and sulfate reduction in the surficial sediments and methanogenesis in the deeper sediments is consistent with thermodynamic considerations and pore-water measurements from other lakes (Urban et al. 1997; Van Den Berg et al. 2000) . The external electron acceptors, O 2 , NO { 3 , and SO 2{ 4 are relatively soluble and tend to diffuse into the upper sediments (Fig. 10) where they are utilized in the oxidation of recently deposited organic matter. Methanogenesis predominates in the deeper sediments beyond the diffusive limits of external electron acceptors (Matthews et al. 2005) .
The sequence of electron acceptors consumed in the hypolimnion of Onondaga Lake was somewhat different than expected from thermodynamic considerations (Fig. 4) . Consumption of O 2 and NO { 3 occurred first, as expected. Ebullition of CH 4 was observed at the onset of sampling in April, and accumulation of dissolved CH 4 began immediately after the onset of anoxia in the hypolimnion. However, appreciable accumulations of H 2 S T were often observed well after increases in dissolved CH 4 . In 2004, for example, significant increases of H 2 S T began approximately 10 weeks after the commencement of CH 4 accumulation (Fig. 4I,J) . This delay is interesting because methanogenesis and SO 2{ 4 reduction are expected to occur at about the same redox potential (Stumm and Morgan 1996) . This apparent thermodynamic anomaly is an artifact of the spatial separation of these processes within the sediments (Fig. 10) . Methanogenesis occurs continuously in the subsurface sediments, resulting in a continuous flux of dissolved CH 4 toward the sediment-water interface (Matthews et al. 2005) . Accordingly, CH 4 began to accumulate in the hypolimnion immediately after depletion of O 2 and before the redox potential corresponding to methanogenesis was attained in the overlying water. Sulfide was not observed in the water column until NO { 3 was depleted and presumably the appropriate redox potential for SO 2{ 4 reduction was achieved in the upper sediments.
Rates and relative importance of decomposition processes-The relative importance of decomposition pathways has been observed to vary widely among lakes. Aerobic oxidation and methanogenesis are the dominant modes of respiration in most lakes, as concentrations of NO reduction (Capone and Kiene 1988) . For example, the dominant decomposition pathway was either aerobic respiration or methanogenesis in six of the seven lakes for which reasonably complete hypolimnetic electron budgets were calculated (Table 3 ). The only exception was Onondaga Lake, where SO 2{ 4 reduction was dominant. Although SO 2{ 4 reduction was quantitatively important in the ELA lakes (L223, L226, L227), rates were much lower than in Onondaga Lake (,1 mmol m 22 d 21 , Kelly et al. 1988) . Contributions from aerobic respiration were understated in the Experimental Lakes Area (ELA) lakes because measurements began only after the establishment of anoxic conditions (Kelly et al. 1988) . In general, however, it is likely that estimates of aerobic respiration based upon rates of hypolimnetic depletion of O 2 are overestimates because they include losses of O 2 due to oxidation of reduced chemical species generated from anaerobic decomposition processes (Gelda et al. 1995) .
Perhaps the most unusual characteristic of the hypolimnetic metabolism of Onondaga Lake has been the extremely high rates of sulfate reduction (Fig. 5C ). These rates were 1.5-to 3.5-fold higher than observed in eutrophic, sulfaterich (0.2 mmol L 21 ) Lake Mendota, Wisconsin (7 mmol m 22 d 21 ; Ingvorsen and Brock 1982) and 2-to 5-fold higher than rates in coastal marine sediments (5 mmol m 22 d 21 ; Jørgensen 1983) . The unusually high rates of SO 2{ 4 reduction in Onondaga Lake are caused by naturally high SO 2{ 4 concentrations and an abundance of labile organic matter deposited from the upper productive waters (Fig. 1E) .
The abrupt increase in electron flow through the denitrification process in 2004 (Fig. 6B) reduction pathway (Fig. 6C ). This observation is consistent with free energy considerations and suggests that denitrifiers and SO (Fig. 4J, 6D ), supporting the position that methanogenesis was confined to deeper sediments and unaffected by changes in the availability of external electron acceptors (Fig. 10) .
Inhibition of SO concentrations has important positive implications for remediation of this polluted ecosystem. Reductions in oxygen demand associated with lower H 2 S T concentrations in the hypolimnion are expected to improve the long-term problem of oxygen depletion in the upper waters during fall turnover. In addition, decreased activity of SO 2{ 4 -reducing bacteria may limit the production of methyl mercury (CH 3 Hg; Benoit et al. 2001 Benoit et al. , 2003 , the form that bioaccumulates and causes toxic effects at high trophic levels.
The relative importance of mineralization processes in Onondaga Lake followed a recurring seasonal pattern, whereby aerobic oxidation and denitrification were the dominant processes during May and June and methanogenesis and SO 2{ 4 reduction dominated thereafter (Fig. 7) . Thus, longer summer stratification intervals might be expected to favor greater relative contributions from methanogenesis and SO 2{ 4 reduction. On average, interannual variations in the duration of summer stratification had little effect on the relative contributions of decomposition pathways. The effect was largest for SO 2{ 4 reduction (3%), consistent with the predominance of this process during the later portion of summer stratification (Fig. 7) . However, this effect may be more pronounced in lakes that are subject to larger year-to-year variations in the duration of summer stratification than Onondaga Lake.
Additional processes and potential effects on redox constituents-A fundamental assumption invoked here is that fluxes of redox constituents to and from the sediments are equal to consumption and production rates in the sediments and independent of water column concentrations (Hesslein 1980) . A number of processes beyond those explicitly accommodated here could potentially influence the concentrations of redox constituents in the hypolimnion. For example, the occurrence of plunging inflows could cause a disconnect between the production and consumption of redox constituents in the sediments and their hypolimnetic concentrations. Although plunging inflows did occasionally effect hypolimnetic concentrations in Onondaga Lake (Fig. 3D ,P,S), this phenomenon was limited to short intervals during September and October in 5 of the 16 study years.
We have assumed that depletion of hypolimnetic O 2 occurred according to the stoichiometry of aerobic decomposition (Table 2 ). However, the potential for aerobic decomposition is limited in eutrophic lakes because the sediment-water interface is often anoxic despite high O 2 concentrations in the overlying waters (Gachter and Wehrli 1998) . Respiratory quotients .1 indicate the occurrence of anaerobic respiration using alternate (to O 2 ) terminal electron acceptors (Hutchinson 1957; Murray and Rich 1995) . The respiratory quotients calculated for Onondaga Lake (,1.4) suggest that mineralization of organic matter proceeded through anaerobic pathways during the interval of O 2 depletion. Denitrification and methanogenesis were active decomposition processes during this interval as indicated by progressive decreases in hypolimnetic NO { 3 (Fig. 4C, H ) and the occurrence of CH 4 ebullition in April and May before accumulation of dissolved CH 4 (Addess and Effler 1996; Matthews et al. 2005) . Both processes can contribute to respiratory quotients .1 when CH 4 escapes oxidation within the hypolimnion either through ebullition or storage within the sediment. Methanogenesis and subsequent oxidation of CH 4 would result in a respiratory quotient of unity because of proportional increases in O 2 consumption and DIC production. Our results indicate that oxidation of dissolved CH 4 was an important loss process for O 2 . This process is supported by the correlated long-term trends of O 2 depletion and CH 4 accumulation ( Fig. 5A,D ; R 2 5 0.44, p , 0.01). Under the assumption that the flux of dissolved CH 4 to the sediment-water interface was the same under oxic and anoxic conditions in the hypolimnion, oxidation of CH 4 diffusing upward from deep sediments (SOD d ; Fig. 10 ) would account for ,50% on average of the observed O 2 depletion. Oxygen consumption due to the nitrification of NH probably also contributed to the observed hypolimnetic oxygen depletion.
In aquatic ecosystems the processes of nitrification and denitrification are often closely coupled in both time and space (Seitzinger 1988) . In environments where oxic and anoxic conditions exist in close proximity, nitrification of ammonia can represent an important source of NO { 3 for denitrification. Although the primary location for nitrification in lakes is the sediment-water interface (Cavari 1977; Hall 1986) , there is mixed evidence for this process in the water column of Onondaga Lake. Pauer and Auer (2000) reported no nitrification in the water column based on laboratory studies with Onondaga Lake water. However, Gelda et al. (2000) reported high rates of nitrification in the water column during the fall mixing interval in 3 of 8 years, while little or no nitrification was observed in the other 5 years. Nearly the entire hypolimnion of Onondaga Lake has been anoxic by late June (Matthews and Effler 2006) , limiting nitrification at the sediment-water interface to the early portion of the stratification interval. The denitrification rates presented here may be underestimates as they do not account for coupled nitrification-denitrification. However, system-specific information for Onondaga Lake indicates the potential for nitrification is limited during the May to September interval.
The sole loss process for NO { 3 was assumed to be denitrification of NO { 3 to N 2 (Table 2 ). An alternate pathway, dissimilatory NO { 3 reduction to ammonia (DNRA), can account for a significant fraction of NO { 3 consumption in environments with highly reducing conditions and high organic carbon content (Koike and Hattari 1978; Downes 1991; King 2005) . Denitrification and DNRA result in the transfer of five and eight electrons, respectively (Downes 1991) . Thus, if DNRA was a significant loss process for NO { 3 in Onondaga Lake our budgets would have underestimated the contribution of NO { 3 reduction to decomposition in the hypolimnion. At high H 2 S T concentrations of sulfides rather than organic substrates can serve as electron donors for DNRA (Brunet and Garcia-Gil 1996; Senga et al. 2006) . Operation of this NO { 3 reduction pathway would cause the presented denitrification rates to be overestimates and SO 2{ 4 reduction rates to be underestimates. The relative magnitudes of alternate NO { 3 reduction pathways have important ramifications for nitrogen cycling within lakes. Molecular nitrogen is an extremely stable unreactive substance. When the water column is oversaturated with N 2 relative to atmospheric concentrations, nitrogen may be lost from the system through evasion of N 2 to the atmosphere. Ammonia is a reactive form of nitrogen that is subject to a variety of processes, including nitrification, algal uptake, and sedimentation once incorporated in particulate forms.
Rates of SO 2{ 4 reduction were determined from increases in hypolimnetic H 2 S T rather than losses of SO (Davison 1993) . Although the solubility product for FeS formation was routinely exceeded in the anoxic hypolimnion of Onondaga Lake (Driscoll et al. 1993) , two lines of evidence suggest that FeS precipitation did not represent a significant loss process for H 2 S T . First, molar ratios of Fe 2+ to H 2 S T were routinely less than 0.01 (Fig. 3) . Accordingly, FeS precipitation probably was a major sink for Fe 2+ , but likely had little effect on H 2 S T concentrations. This process is supported by vertical distributions of these species, which depict distinct decreases in Fe 2+ and increases in H 2 S T above the sediments (Fig. 3) . Second, paired determinations of SO 2{ 4 depletion and H 2 S T accumulation for -1991 Effler 1996) , given the uncertainty in quantifying rates of SO 2{ 4 loss in the water column of Onondaga Lake because of high background concentrations. In addition, anaerobic oxidation of CH 4 could have resulted in proportional underestimates of methanogenesis and overestimates of SO 2{ 4 reduction (Valentine 2002) . Anaerobic oxidation of CH 4 in freshwater sediments is considered minor relative to total carbon metabolism, even where rates of SO 2{ 4 reduction are high (Zehnder and Brock 1980) . Measured rates of this reaction in freshwater systems have been low (e.g., ,2 mmol mL 21 d 21 , Panganiban et al. 1979) .
Rates of organic carbon catabolism-The rates of hypolimnetic organic carbon catabolism presented here (Fig. 9 ) are high relative to estimates reported for other lakes, but are consistent with Onondaga Lake's long history of extreme eutrophy (Effler 1996 (Jones and Simon 1980) . Lehman (1988) reported wide variations in hypolimnetic accumulation of DIC in Lake Washington during a 50-year interval, with typical values between 10 mmol m 22 d 21 and 40 mmol m 22 d 21 . Decomposition rates for the hypolimnion of Onondaga Lake were higher than the mean annual benthic respiration rate of 34 mmol m 22 d 21 computed for 48 estuaries (Hopkinson and Smith 2005) .
Anaerobic decomposition rates are often considered to be slower than aerobic rates because of lower energy yields per unit substrate, thereby promoting the preservation of organic matter in anoxic aquatic sediments. It might also be expected that decomposition rates would vary according to the availability and free energy yields of alternate electron acceptors. However, the generally linear rates of electron transfer observed throughout the summer stratification interval in Onondaga Lake (Fig. 7) indicate that similar high rates of decomposition prevailed regardless of the seasonal availability of electron acceptors. This pattern is consistent with the results of Bastviken et al. (2003) , who found that organic matter mineralization rates in lake sediments were regulated by substrate availability rather than the energy yield of decomposition processes.
Temperature is generally considered to be an important determinant of bacterial metabolism in sediments. This effect is commonly represented as an approximate doubling of metabolic rate per 10uC increase in temperature (Q 10 5 2; Chapra 1997). However, conflicting evidence has been presented regarding the effect of temperature on the metabolism of bacteria in anoxic waters (Cole and Pace 1995) . The modest year-to-year variations in hypolimnetic temperature observed in Onondaga Lake (5.3-11.2uC) were not an important determinant of apparent rates of decomposition, although unusually low hypolimnetic temperatures in 1993 may have contributed to the low rate of carbon catabolism in that year (Fig. 9) . Our results are consistent with the findings of Cole and Pace (1995) , who reported consistently high levels of bacterial production in anoxic hypolimnetic waters despite temperatures ,10uC, and Kelly and Chynoweth (1981) , who found that CH 4 production was not related to hypolimnetic temperature under in situ conditions. Thus, it seems that the metabolic rates of bacteria are limited primarily by organic inputs rather than temperature (Kelly and Chynoweth 1981; Cole and Pace 1995) .
Trends in hypolimnetic metabolism: Response to changes in POC deposition-Long-term trends as well as substantial year-to-year variations were manifested in time series of total hypolimnetic respiration ( Fig. 9 ) and its component processes (Fig. 6) . The general decrease in total carbon catabolism from 1989 to 2004 (Fig. 9 ) was driven by decreases in SO 2{ 4 reduction and methanogenesis (Fig. 6C,D) . Decreases in AHOD (Matthews and Effler 2006) and methanogenesis (Matthews et al. 2005 ) during this interval were attributed to the abrupt decrease in POC deposition that occurred in 1987 (Fig. 1E) , which resulted in lower levels of labile organic matter in the sediment. The delayed response trajectories of AHOD and methanogenesis to the abrupt step decrease in POC deposition (Fig. 1E) are consistent with sediment diagenesis processes (DiToro 2001) . This form of delayed response, caused by sediment feedback, is a widely acknowledged problem for the recovery of culturally eutrophic lakes (Cooke et al. 2005) . Matthews et al. (2005) used a carbon diagenesis model developed for Onondaga Lake sediments by Stromquist (1996) to estimate that CH 4 production had reached approximately 90% of its steady-state value in 2004. The similar trajectory for AHOD through 2002 indicated that it was also responding to feedback from sediments deposited during earlier more productive years (Matthews and Effler 2006) . Distinctly higher rates of O 2 depletion in 2003 and 2004 (Fig. 5A) , in the absence of substantial increases in methanogenesis (Fig. 5D) , suggest a decoupling of these processes. If methanogenesis was limited to the deeper sediments (Fig. 10) , as indicated by pore-water CH 4 concentrations (Matthews et al. 2005) , an increase in POC deposition beginning in 2003 could account for this decoupling. Phosphorus loading from the Metro facility increased in 2003 and 2004 (Onondaga County 2006 , as did concentrations of TP and Chl in the epilimnion (Fig. 1A,B) . It is reasonable to assume that rates of primary production and POC deposition to the sediments increased in 2003 as well.
A concomitant change in the food web of the lake could also cause an increase in POC deposition. From 1987 to 2002 the zooplankton community of Onondaga Lake was dominated by Daphnia, which are large-bodied, efficient feeding cladocerans (Siegfried et al. 1996) . Daphnia were particularly abundant from May to July when their feeding activity caused annual minima in chlorophyll concentrations and maxima in transparency (Siefgried et al. 1996) . This annual phenomenon, known as the clear water phase (Lampert et al. 1986 ), generally coincided with the interval of O 2 depletion in the hypolimnion. Daphnia species were conspicuously absent from the lake in 2003 and 2004, apparently due to predation by alewife, Alosa pseudoharengus, an efficient pelagic planktivore that became abundant in 2003 (Onondaga County 2006 . The fecal pellets of Daphnia are more diffuse than the pellets of other zooplankton (e.g., copepods) and therefore are subject to greater decomposition and cycling within the upper productive waters (Svensson and Stenson 1991; Evans et al. 1998) . Thus, the loss of Daphnia represents a possible explanation for increases in carbon flux to the hypolimnion (Fig. 10) and associated increases in respiration and O 2 depletion in the tropholytic zone (Aksnes and Wassmann 1993) . The importance of zooplankton grazing on POC deposition and the rate of O 2 depletion has not been clearly established (Schallenberg and Burns 1999) . However, the preponderance of the evidence suggests a negative relationship between Daphnia abundance and depletion of hypolimnetic oxygen (Lehman 1988; Mazumder et al. 1990; Schallenberg and Burns 1999) . This explanation for increased hypolimnetic oxygen depletion in 2003 and 2004 is necessarily speculative without a more complete record of POC deposition.
It is generally accepted that more particulate organic carbon is delivered to the tropholytic zone of eutrophic lakes than is lost through CO 2 and CH 4 , resulting in net burial of highly reduced forms of organic carbon in the sediment (Wetzel 2001) . In fact, published rates of POC deposition and DIC+CH 4 production for eight lakes reveal that about 50% of the deposited carbon was degraded to DIC and CH 4 in all but one of those systems (Fig. 11) . Only in oligotrophic Dart's Lake was organic deposition balanced by catabolism. During the 4 years for which paired data exist (1989) (1990) (1991) (1992) , Onondaga Lake produced DIC+CH 4 equal to or in excess of POC deposition (Fig. 11) . This apparent anomaly is probably the result of non-steady-state conditions in the sediments, as organic matter deposited during earlier more productive years ( Fig. 1E) continued to contribute to DIC+CH 4 production. When methanogenic contributions to DIC+CH 4 production are omitted for Onondaga Lake, according to an assumption that decomposition of historically deposited organic carbon was channeled primarily through methanogenesis in the subsurface sediments (Fig. 10) , results consistent with the other lakes are obtained (Fig. 11) . The slope (0.49) of the resulting relationship (R 2 5 0.94, p , 0.01) is similar to that reported for the relationship between hypolimnetic bacterial respiration and POC deposition in a series of nine lakes (0.55; Cole and Pace 1995) .
Comparison of measured and calculated rates of DIC production-The degree of closure between electron transfer calculated from redox processes and that calculated from measurements of DIC offers insights into the veracity of the budgets (Fig. 6E) . The discrepancies reported here compare favorably with the range of values reported in the literature. In a 3-year study of Mirror Lake, New Hampshire, Mattson and Likens (1993) could not account for 10-67% of the observed DIC production in the hypolimnion. The hypolimnetic electron budgets calculated by Kelly et al. (1988) for three lakes in the Experimental Lake Area (ELA) in Ontario resulted in an 11% DIC surplus in Lake 223 and 6% and 60% DIC deficits in Lake 227 and Lake 226, respectively (discrepancies calculated by Mattson and Likens [1993] ). Jones and Simon (1980) reported a DIC excess of 14% in the hypolimnion of Blelham Tarn. Only in the study of Dart's Lake, New York (Schafran and Driscoll 1987) was a balance achieved between electron transfer calculated from DIC production and summed redox processes. It is interesting to note that Dart's was the only lake studied that maintained an oxic hypolimnion.
Potential explanations for the imbalances in the electron budgets for Mirror Lake were discussed extensively by Mattson and Likens (1993) . They presented compelling arguments that the observed discrepancies were related to anaerobic respiration pathways and focused on three potential mechanisms for underestimation of DIC: failure to accommodate fermentation processes, storage of reduced particulate organic carbon in the sediments, and sediment storage of reduced end products. Fermentation processes can result in the partial oxidation of organic matter and the production of DIC. However, appreciable fermentation would likely be accompanied by accumulation of DOC in the hypolimnion, which was not observed in Onondaga Lake (unpubl. data). Alternatively, the DIC imbalance could be caused by storage of electrons within Fig. 11 . Evaluation of the dependence of DIC+CH 4 production on organic carbon deposition (POC df ), based on 4 years of measurements for Onondaga Lake and published values for eight other north temperate lakes: (1) Dart's Lake (Schafran and Driscoll 1987) ; (2) Jezero na Planini pri Jezeru (Vreča 2003); (3) Lake Michigan (Gardner et al. 1987) ; (4) Mirror Lake (Mattson and Likens 1993) ; (5) Lake Washington (Kuivila and Murray 1984) ; (6) Lake 227 (Kelly et al. 1988 ); (7) Williams Bay (Carignan and Lean 1991) ; and (8) Blelham Tarn (Jones and Simon 1980) . reduced forms of particulate organic carbon. This mechanism is supported on a qualitative basis for Onondaga Lake. The operation of methanogenesis in the deeper sediments (.10 cm, Matthews et al. 2005 ) of the lake indicates that decomposition of historically deposited organic matter has continued to occur, albeit at a progressively lower rate, consistent with a reduced POC pool size (Fig. 5D) . Thus, the partial reduction of the large pool of POC that remains in the sediments could contribute to the DIC surplus. Lastly, temporary storage of CH 4 gas in the sediments during the stratification interval and subsequent release during other times of the year (Rudd and Hamilton 1978) would result in underestimation of DIC production.
DIC accumulation is compromised as an indicator of hypolimnetic metabolism in many hard-water lakes because of dissolution of CaCO 3 sedimenting from the upper waters into the colder, more acidic hypolimnion, resulting in proportional increases in HCO { 3 and Ca 2+ concentration (Wetzel 2001) . The release of Ca 2+ and Mg 2+ from sediments or sedimenting matter contributes importantly to alkalinity production in soft-water lakes (Schindler et al. 1986; Psenner 1988) . Although this mechanism could account for the observed surplus of DIC in Onondaga Lake, system-specific chemical equilibrium model calculations suggest the water column has been continuously oversaturated with respect to calcite solubility (Driscoll et al. 1994 ). In addition, water column profiles of Ca 2+ have not demonstrated patterns that would suggest mobilization from the sediments and related contributions of DIC accumulation (Driscoll et al. 1994) . It is likely that a combination of these mechanisms, coupled with analytical and calculation errors, contributed to the discrepancies in the electron budgets.
Future management initiatives will provide additional opportunities to more completely characterize the hypolimnetic metabolism of Onondaga Lake. Major decreases in phosphorus loading are underway and further decreases are planned for the future, which are expected to result in abrupt decreases in primary production. Continuation of primary production and organic carbon deposition records during this period will allow quantification of the linkage between organic carbon generation in the trophogenic zone and organic carbon decomposition in the tropholytic zone. Application of a mechanistic sediment flux model (e.g., DiToro 2001) to the long-term Onondaga Lake data set represents an opportunity to further test and advance our understanding of decomposition processes in lakes. The documented responses to changes in organic carbon deposition and the availability of external electron acceptors provide a unique opportunity to test such models.
